Abstract: Golden Apple Snail (GAS) is the most destructive invasive rice pest in Southeast Asia. The cost of synthetic molluscicides, their toxicity to non-target organisms, and their persistence in the environment have propelled the research of plant-derived molluscicides. Most research efforts have focused on individual plant extracts for their molluscicidal potency against GAS and have not been proven to be entirely effective in rice field conditions. Selective combination of synergistically acting molluscicidal compounds from various plant extracts might be an effective alternative. In this direction, ethanolic extracts from six different plants (Neem, Tobacco, Nerium, Pongamia, Zinger, and Piper) were evaluated against Pomacea maculata Perry. Of the various combinations studied, a binary extract (1:1) of nerium and tobacco (LC 90 177.71 mg/L, 48 h), and two tri-herbal extract formulations (1:1:1) of (nerium + tobacco + piper) and (nerium + tobacco + neem) were found to be most effective, with LC 90 values of 180.35 mg/L and 191.52 mg/L, respectively, in laboratory conditions. The synergistic effect of combined herbal extracts resulted in significant reduction in LC 90 values of the individual extracts. The findings of this study demonstrate that the selective combinations of potent molluscicidal herbal extracts are effective for management of P. maculata under laboratory conditions.
Introduction
Rice is a staple food and an essential crop grown worldwide, with Asia being the largest producer and consumer. Golden Apple Snail (GAS), a major rice pest, has a voracious appetite for the young rice seedlings of both transplanted and direct-seeded rice [1] . Infestations by GAS are responsible for a huge economic loss of $1.47 billion per annum in rice production [2] . Pomacea canaliculata Lamarck is the most pervasive; it is destructively invasive in most rice growing regions of the world and amongst the world's top 100 worst invasive alien species [3] . The distribution of apple snails is more pronounced in Peninsular Malaysia due to the method of paddy cultivation, which is predominately (90%) by wet paddy method. Among the two species of apple snails, Pomacea maculata is more abundant than P. canaliculata in the states of Kedah and Perlis, the two major paddy growing regions which produce more than 50% of rice in Malaysia [4, 5] . Hence, the present study was focused on P. maculata. The Integrated Pest Management (IPM) strategies for the control of GAS are based on the use of cultural approaches, biological methods, snail predators (ducks and fish), by water management and chemical control measures [6, 7] .
The application of synthetic molluscicide formulations based on niclosamide and metaldehyde is widely practiced for effective control of snails. Niclosamide has become the mainstay of GAS control and eradication programs [8] . Synthetic molluscicides are known for their knock-down effect; however, their negative impact on the environment and the high costs of application have stimulated interest in the search for plant-derived molluscicides which are target specific, and environmentally and toxicologically safe [9] [10] [11] . Botanical pesticides have long been explored as effective alternatives to synthetic chemical counterparts due to their low toxicity to non-target organisms, their biodegradability, and due to them being less expensive in their crude form, in addition to the prevention of development of resistance against phytochemical mixtures [12] [13] [14] [15] . Moreover, botanical pesticides are easily obtainable and more associated with indigenous self-sufficient pest snail control strategies than their imported synthetic pesticides.
Molluscicidal properties have been reported in more than 1400 plant species [16] . In the recent past, most research efforts were focused on individual plant extracts for their molluscicidal potency against GAS. The different plants (Annona squamosa seed, Nerium indicum leaves, Stemona tuberose root, Cyperus rotundus corm, and Derris elliptica root) were evaluated [17] . The results indicated that D. elliptica and C. rotundus (LC 50 23 .68 mg/L and 133.20 mg/L, respectively) showed the highest toxicity on GAS, while Vulgarone B, a sesquiterpene isolated from Artemisia douglasiana, showed 100% mortality of GAS at a concentration on par with metaldehyde [18] . The molluscicidal potency of methanol extract from neem seed (A. indica A. Juss), oleoresin of Zingiber officinale, and cyclotide extracts of Oldenlandia affinis and Viola odorata on GAS was ascertained [19] [20] [21] [22] . The extract of neem leaves and garlic (Allium sativum) recorded more than 90% mortality at 1000 mg/L on GAS [23] . The toxicity of different solvent extracts of Agave sisalana on P. canaliculata was established by Li et al. [11] .
The extracts of Cymbopogon citratus induced alterations in growth and development of P. canaliculata and resulted in high mortality of snails [24, 25] . The ethyl acetate soluble fraction of Aglaia duperreana was effective against GAS [26] . In rice field conditions, the molluscicidal efficacy of chemically modified quinoa (Chenopodium quinoa) saponins [27] , methanol extract of Camellia oleifera seed meal [28] , and Sapindus saponaria extract [29] were tested against GAS. The application of tobacco waste in field trials proved its efficacy with 100% mortality of GAS [30] . However, the vast majority of individual plant extracts were not proven to be entirely effective in rice field conditions. Therefore, to leverage the cumulative benefits of synergistically acting phytochemical mixtures, a selective combination of potent molluscicidal compounds from various plant extracts might be an effective alternative against apple snails.
Materials and Methods

Collection of Snails (Pomacea maculata)
Snails with shell length of 10 mm to 30 mm were collected from a snail-infested rice field located in Semeling, Kedah, Malaysia. The snails were identified based on the conchological characters [31, 32] . The identification of species was confirmed by officials at the District Agriculture Office, Sungai Petani, Kedah, Malaysia. The shell length of each snail was measured with a Vernier calliper. The snails were acclimated in 20 litre laboratory aquarium tank (60 × 30 × 30 cm) containing dechlorinated tap water at room temperature (25 ± 2 • C). The snails were fed with fresh lettuce (Lactuca sativa) which was maintained ad libitum by feeding them two to three times a week according to their consumption, in order to avoid bacterial growth and water fouling [33, 34] .
Collection of Plant Materials
A total of 5 kg fresh leaves of Nerium indicum and Nicotiana tabacum were collected from Sungai Petani and Jitra, Kedah, Malaysia. The plants were taxonomically identified and authenticated by the botanist at the Biotechnology Department of AIMST University, Malaysia. Three kilograms of fresh rhizome of Zingiber officinale and 0.5 kg of black piper seeds (Piper nigrum) were purchased from the local TESCO supermarket. One kilogram of pongamia oil (Pongamia pinnata) and neem oil (Azadirachta indica) were obtained from Spic Ltd., Chennai, Tamil Nadu, India. The leaves of N. indicum and N. tabacum were thoroughly cleaned with running tap water and shade dried for three weeks at room temperature (25 ± 2 • C). The zinger rhizome was chopped into small pieces and shade dried for four weeks. The dried materials were ground into coarse powder using a food blender and stored in air-tight containers. The details of plant materials evaluated for their molluscicidal properties are given below in Table 1 . 
Preparation of Plant Extracts
The 100 g of dried and coarse plant material was macerated in 1000 mL of 95% ethanol at room temperature (25 ± 2 • C) for three days. The 95% ethanol was used to maintain the homogeneity in the individual plant extracts and to enhance the compatibility among the plant extracts for development of poly herbal formulations. The crude extract was separated by filtering under vacuum using No. 1 Whatman filter paper (Camlab Limited, Cambridge, UK). The retentate was then added to 1000 mL of fresh 95% of ethanol, macerated for three days further at room temperature, and filtered. Both the filtrates were pooled together and concentrated to dryness using a rotary evaporator at 60 • C until the solvent was completely evaporated. The pongamia oil and neem oil were extracted twice with equal volume of 95% of ethanol, and ethanol layers were pooled and concentrated under vacuum in a rotary evaporator. The ethanolic extract of individual plants obtained was labelled and stored at 5 • C until evaluation of molluscicidal activities and analysis of phytochemicals.
Evaluation of the Molluscicidal Potency of Plant Extracts
Evaluation of molluscicidal activity of plant extracts against juvenile snails of P. maculata was performed as per the World Health Organization (WHO) guidelines [35] . The different concentrations of individual, binary, and poly plant extracts were prepared to test against the snails. A stock solution of individual crude plant extract was prepared by dissolving 1 g of each extract in 1000 mL of distilled water to make it a 0.1% concentration which constitutes 1000 mg/L. From this stock solution, a 0.01% (100 mg/L) test solution was made by tenfold dilution with dechlorinated tap water. Similarly, the required concentrations (200 mg/L to 500 mg/L) were prepared from the 0.1% stock solution.
Preparation of Binary, Tri, and Poly Herbal Combinations of Plant Extracts
The plants examined in this study were selected on the basis of ethnobotanical information and recognized molluscicidal activity on P. canaliculata as reported in previous studies [17, 21, 22, 30] . The following six different binary combinations of plant extracts were evaluated ( Table 2 ). The different concentrations of binary plant extracts (100 mg/L-500 mg/L) at the ratio of 1:1 v/v were prepared from 0.1% stock solutions of individual extracts with appropriate dilution with dechlorinated tap water. The selective combinations of tri-herbal extracts at 1:1:1 ratio (v/v) were prepared by combining individual plant extract test solutions for the evaluation against P. maculata (Table 3) . Five different concentrations of tri-herbal extracts (50 mg/L to 250 mg/L) were prepared from 0.1% stock solution of individual extract with appropriate dilution with dechlorinated tap water. Similarly, different concentrations (50 mg/L to 250 mg/L) of poly herbal extract test solutions with nerium, tobacco, piper and neem were prepared at the ratio of 1:1:1:1 (v/v) by combining the 0.1% stock solution of appropriate plant extracts. 
Preparation of Niclosamide Test Solutions
The synthetic chemical molluscicide niclosamide 70% wettable powder (WP) was used as the reference standard for comparison. The Bayluscide ® WP 70 (Bayer, AG, Leverkusen, Germany) was purchased from the local market at Sungai Petani (Kedah, Malaysia) and was used as positive control in the experiments. Bayluscide consists of 81.4% w/w active ingredient (niclosamide ethanolamine), as indicated on the label. To prepare different concentrations of niclosamide (0.25 mg/L, 0.50 mg/L, 0.75 mg/L, and 1 mg/L), a stock solution of 10 mg/L was prepared and then diluted appropriately. Since 1 g of Bayluscide contains 0.814 g of niclosamide as active ingredient, 12.3 mg was dissolved in one litre of distilled water to obtain 10 mg/L stock solution. Tenfold dilution of the stock solution with dechlorinated tap water was prepared to obtain 1 mg/L stock solution. From this stock solution, two-fold dilutions were made to prepare 0.5 mg/L test solution.
Evaluation of Molluscicidal Potency of Plant Extracts
Groups of 10 uninfected juvenile snails (20 to 30 mm of shell length) were placed in plastic trays with 1000 mL of different concentrations of individual, binary, and poly herbal extracts test solutions separately. Five different concentrations of each test solution of the plant extracts were tested, each with three replicates of 10 snails. Three replicates were prepared with 0.5 mg/L niclosamide in dechlorinated water and used as positive control. Control experiments were performed with dechlorinated tap water alone (negative control). A total of 210 snails were used for the evaluation of an extract. All of the molluscicidal evaluations were carried out at room temperature (25 ± 2 • C) under normal diurnal lighting. The plastic trays were individually covered with a fine plastic mesh to prevent the snails from crawling out. Snails exposed to different concentrations of the plant extract were left for observation for 24 h and 48 h. After 48 h, the plant extract suspension was decanted; the snails were rinsed twice with dechlorinated tap water and transferred to a new container filled with dechlorinated tap water and observed for another 24 h, which served as the recovery period, following which the mortality rates were determined. The snails were not fed during the exposure and recovery periods. Upon observation, the dead snails were removed from the containers. Snails were considered dead if they did not move and either had retracted well into their shells or were hanging out of the shells. The death of each snail was further ascertained by the complete opening of operculum and if the head did not respond when pricked with a sharp needle. The mortality of snails was recorded for both exposure periods and the recovery period. The LC 50 and LC 90 values with their associated 95% confidence intervals (95% CI) were calculated by probit analysis using SPSS (Version 22, IBM Software Group, Chicago, IL, USA). The mortality of snails exposed to different concentrations of six selected plant extracts was analysed using a one-way analysis of variance (ANOVA) and mean comparisons were performed by Duncan's multiple comparison tests using SPSS (Version 22) at the 5% significant level.
Results
Molluscicidal Activity of Six Individual Plant Extracts
The molluscicidal activities of the six plants at different concentrations (100 mg/L to 500 mg/L) against P. maculata were evaluated. Neither behavioural symptoms observed nor death occurred in control groups with water, indicating that no factor other than plant moieties were responsible for the altered behaviour and mortality of snails. An analysis of the molluscicidal activities of the six plant extracts on P. maculata showed that there was a linear relationship between the concentrations of the individual extracts and the mortality of snails (Figure 1 ).
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Molluscicidal Activity of Binary Combinations of Plant Extracts
A plant extract is considered to be effective at a concentration below 100 mg/L [40] , whereas, the six different plant extracts investigated in this study were in the order of 341.57 to 804.50 mg/L for 90% mortality of the target snails. Therefore, in order to ascertain potent combinations of plant extracts which could bring down the concentration, different binary combinations of these plant extracts were formulated at 1:1 ratio by v/v and tested against P. maculata. The molluscicidal activity of six different binary combinations of plant extracts was compared at their LC 90 values, and the results are depicted in Figure 2 . Pearson Goodness-Fit test were carried out. A significant molluscicidal potency (p < 0.001) of nerium coincides with its LC90 value. A similar trend was observed with piper and tobacco. The heterogeneity value of less than 1 indicates that all the plant extracts exhibited a significant effect on the mortality of snails. Similarly, the heterogeneity value of less than 1 was correlated to the chi-squared values by Massaguni and Latip [22] . On comparative analysis, nerium extract was found to be the most effective, followed by piper and tobacco extracts. Niclosamide (0.5 mg/L) was used as a positive control, where 100% mortality was recorded in 24 h. 
A plant extract is considered to be effective at a concentration below 100 mg/L [40] , whereas, the six different plant extracts investigated in this study were in the order of 341.57 to 804.50 mg/L for 90% mortality of the target snails. Therefore, in order to ascertain potent combinations of plant extracts which could bring down the concentration, different binary combinations of these plant extracts were formulated at 1:1 ratio by v/v and tested against P. maculata. The molluscicidal activity of six different binary combinations of plant extracts was compared at their LC90 values, and the results are depicted in Figure 2 . When two plant extracts were combined at a ratio of 1:1 (w/w), the individual plant extract's concentration would reduce to 50%. Therefore, it is expected that in the diluted form their combination would be needed in a high concentration for achieving 90% mortality of the snails. In this aspect, when LC90 values of individual extracts were compared with LC90 values of their binary combinations, the synergistic effect among four extracts such as (nerium + tobacco), (nerium + piper), (nerium + neem), and (tobacco + neem) was observed. This resulted in significant reductions in the LC90 values on the mortality of P. maculata in comparison to the individual extracts. Similarly, Chauhan and Singh [36] reported that the binary combination (1:1 ratio) of taraxerol from Codiaeum variegatum and acetone extract of Euphorbia tirucalli on L. acuminata increased thetoxicity by 9.51 When two plant extracts were combined at a ratio of 1:1 (w/w), the individual plant extract's concentration would reduce to 50%. Therefore, it is expected that in the diluted form their combination would be needed in a high concentration for achieving 90% mortality of the snails. In this aspect, when LC 90 values of individual extracts were compared with LC 90 values of their binary combinations, the synergistic effect among four extracts such as (nerium + tobacco), (nerium + piper), (nerium + neem), and (tobacco + neem) was observed. This resulted in significant reductions in the LC 90 values on the mortality of P. maculata in comparison to the individual extracts. Similarly, Chauhan and Singh [36] reported that the binary combination (1:1 ratio) of taraxerol from Codiaeum variegatum and acetone extract of Euphorbia tirucalli on L. acuminata increased thetoxicity by 9.51 times relative to the individual treatments. Furthermore, the binary combination of latex powder of Euphorbia pulcherima and Jatropha gossypifolia significantly reduced the fecundity, hatchability, and survival of young snails of L. acuminata [41] . The molluscicidal activity of six different binary combination of plant extracts on P. maculata is shown in Table 5 . Table 5 . Molluscicidal activity of six different binary combinations of plant extracts on P. maculata. 76.60 ± 5.7 400 100 ± 0.00 100 ± 0.00 100 ± 0.00 93.30 ± 5.7 83.30 ± 5.7 93.30 ± 5.7 500 100 ± 0.00 100 ± 0.00 100 ± 0.00 96.60 ± 5.7 93.30 ± 5.7 100 ± 0.00
Concentration (mg/L) Percentage Mortality of Pomacea maculata
Binary Combination of Plant Extracts
Nerium and Tobacco
Nerium and Piper
Nerium and Neem
Tobacco and Piper
Tobacco and Neem
Piper and Neem
Each value is Mean ± standard deviation (SD) of three replicates (n = 10).
The binary combination of nerium and tobacco resulted in 90% mortality of snails, even at 200 mg/L. In comparison, nerium extract administered on an individual basis at 200 mg/L concentration recorded 70% mortality. At the same concentration, the tobacco extract recorded 60% mortality (Figure 1) . The higher kill rate of the binary combination at the same concentration level suggests a synergistic effect. The binary combination of nerium and piper resulted in 93.3% mortality at 300 mg/L, whereas, the individual plant extracts of nerium and piper showed 80% and 76.7% mortality, respectively, at 300 mg/L. Nerium combined with neem at higher concentration (400 mg/L) exhibited an increase in mortality up to 100%. It was observed that in all cases where nerium was one of the components of binary combination, a higher mortality was recorded compared to any of the other combinations.
Molluscicidal Activity of Tri and Poly Herbal Extracts
Combining different plant species with effective molluscicidal properties is advantageous for the development of molluscicides. In the present study, among the six plant extracts evaluated individually as well as in binary combinations, N. indicum, N. tabacum, P. nigrum, and A. indica were found to be effective on the snails in laboratory conditions. When these four plant extracts were tested individually the LC 90 values ranged from 341.57 mg/L to 624.67 mg/L, whereas, in their binary combinations significant reductions in the LC 90 values (171.71 to 296.17 mg/L) were recorded. It is evident that the binary combinations of plant extracts resulted in approximately 45% reductions in LC 90 values based on the mortality of P. maculata as well as demonstrating the synergistic effect among these plant extracts. Therefore, combining different plant species with effective molluscicidal properties is advantageous for further reducing the lethal concentrations against snails. In light of this, the selective consortiums of tri-herbal and poly herbal extracts were prepared by combining individual plant extracts at 1:1:1 to 1:1:1:1 ratio (v/v) and evaluated at various concentrations on P. maculata. The molluscicidal activity of tri and poly herbal combinations of plant extracts on P. maculata is shown in Table 6 . The results indicate that the combination of three plant extracts (nerium + neem + tobacco) showed the highest mortality rate (93.3%) with the lowest LC 50 and LC 90 (62.60 mg/L and 191.52 mg/L, respectively) even at a lower concentration of 50 mg /L. In comparison, at the same concentration, the combined extracts of (nerium+ tobacco + piper) had 86.7% mortality and with LC 50 (73.91 mg/L) and LC 90 (180.35 mg/L) ( Table 7) . Each value is Mean ± SD of three replicates (n = 10). All the tri-herbal combinations exhibited a significant (p < 0.05) increase in mortality from 86.7% to 100% at 200 mg/L concentration. The (nerium + neem + tobacco) and (nerium + tobacco + piper) emerged as the most effective tri-herbal combinations in terms of mortality of snails with LC 90 191.52 mg/L and 180.35 mg/L, respectively. The results of this study supported the findings of Taguiling [38] who reported that the activities of plant extracts vary significantly according to the species combinations and dosages against GAS. Further, the variations in the molluscicidal efficacy of plant extracts might be attributed to three major factors: species-tolerance, concentrations used, and the phytochemical constituents [42] .
The piper was more effective with LC 50 (202 mg/L) compared to neem (LC 50 365 mg/L) ( Table 4 ). The binary combination of nerium and tobacco was found to be more effective with a LC 50 value of 100.18 mg/L (Figure 2) . Hence, it is obviously expected that a tri-herbal combination containing nerium, tobacco, and piper should be most effective. Therefore, the molluscicidal activities of individual, binary, tri-herbal, and poly herbal extract combinations were compared (Table 7) . Notably, it was found that the tri-herbal combination made with nerium, tobacco, and neem proved to be the most effective, with a LC 50 value of 62.60 mg/L. It is inferred that synergism among nerium, tobacco, and neem is higher than the nerium, tobacco, and piper combination.
Discussion
When the stock solutions of three plant extracts are combined at a ratio of 1:1:1 (v/v), there will be a dilution effect in the concentration of individual plant extracts. Therefore, such combinations should result in higher concentration requirement to achieve 90% mortality of snails. Even under the dilution effect if the plant extracts are synergistic, then the concentration of the plant extract required to achieve 90% mortality will be reduced. In the present study, the two tri-herbal extract combinations, namely (nerium + tobacco + neem) and (nerium + tobacco + piper), recorded low LC 90 values, demonstrating a synergistic effect among the extracts of these plants. It is interesting to note that nerium and tobacco plant extracts are found to be common to all the effective tri-herbal extract combinations. The synergistic effect of these two extracts was also exhibited in their binary combination with LC 90 of 177.71 mg/L and a similar trend was observed in their LC 50 values (100.18 mg/L). Our results are in agreement with the research findings reported by Taguiling [38] who reported that the combination of extracts of three species (S. vidalii fruit and barks of H. arborea and Parkia sp.) at a ratio of 1:1:1 (w/w) was the most effective, with a mean mortality time of 6.56 min against adult GAS under laboratory and field trials. Furthermore, the binary combination of (S. vidalii + Parkia sp.) and (H. arborea + Parkia sp.) recorded a mean mortality time of 8.11 min and 10.11 min, respectively [38] . A similar synergistic effect was reported with the binary combination of ferulic acid and azadirachtin against Fasciola larva in the snail Lymnaea acuminata, which was 64.28 times more effective than a single treatment with ferulic acid [43] . Rao and Singh [44] reported that the synergistic action in binary and tri-herbal combinations of A. indica and Cedrus deodara oil (1:7 ratio) and A. indica, piperonyl butoxide, and C. deodara at a ratio of 1:5:7 were found to be more toxic to L. acuminata than single treatment. Similarly, the binary (1:1) and tri-herbal (1:1:1) combinations of Euphorbia pulcherima latex powder, botulin, and taraxerol decreased significantly the LC 50 dosages against snail L. acuminata [41] .
Within five poly extracts studied only two combinations consisting of (nerium + neem + tobacco) and (nerium + tobacco + piper) were effective due to synergistic effects. This synergism may be attributed to the phytochemical constituents of individual plant extracts. Among the binary combinations, the nerium and tobacco extracts (LC 90 177.71 mg/L) was found to be the most effective against P. maculate, and this may be due to both the nicotine and cardiac glycosides content in these extracts. Glycogen is the primary and intermediate source of energy. The cardiac glycosides of N. indicum decreased acetylcholinesterase (AChE) activities and impaired the hepatopancreas tissues of P. canaliculate, resulting in the fatal inhibition of the activity of digestive enzymes as well as the feeding rate [39, 45] . Nicotine acts by mimicking acetylcholine and it exerts a toxic effect in both vertebrates and invertebrates as a neurotoxin by binding to nicotinic acetylcholine receptors and inhibiting their penetration into the synapse [46] . The combination of lethal action in the active compounds of both nerium and tobacco possibly increased the snail mortality rate.
In summary, our study showed that of all the combinations of plant extracts evaluated, one binary combination (nerium and tobacco) and two tri-herbal combinations (nerium, tobacco, and neem) and (nerium, tobacco, and piper) were found to be the most effective against P. maculata. The study demonstrated the synergistic molluscicidal effect among the selectively combined crude extracts of Nerium indicum, Nicotiana tabacum, Piper nigrum, and Azadirachta indica for the effective control of P. maculata under laboratory conditions.
